Water quality of Osaka Bay is greatly influenced by freshwater discharge from rivers, to the effect of salinity playing a major role in forming the stratification. The tidal front is expected to appear in such an area even in winter considering the theory of the formation of a tidal front. From the field observation, we recognized a tidal front in winter for the first time in Osaka Bay. The critical value of a parameter log(H/U 3 ) for generation of a tidal front is obtained as a function of river discharge and cooling effect through sea surface. Differences of nutrients (NH 4 -N, PO 4 -P) concentration across the front are not clear, probably because they are utilized by phytoplankton easily. But in (NO 2 -N)+(NO 3 -N), DIN, PP and T-P, there is a discontinuity structure across the front, even if the absolute value of concentration difference is small.
Introduction
reported that tidal fronts appear in the transition zone between the stratified area and the vertically mixed area induced by tidal current. They showed that by using a simple potential energy balance, fronts should lie along the line of the critical value of the parameter log(H/U 3 ), where H is the water depth and U is the amplitude of tidal current. Tidal fronts have been observed in many continental-shelf seas and coastal seas around the world (Loder and Greenberg, 1986; Simpson and Bowers, 1981) .
In the eastern part of Osaka Bay, Japan, there exists the conspicuous circulation in the surface layer and an oceanic front found in the western end of the circulation (Ueshima et al., 1987 (Ueshima et al., , 1991 . These features are the key processes in the occurrence of the red tide and the anoxic water mass (Joh, 1986) .
Because the front in Osaka Bay is formed in transition zone between stratified area and vertically mixed area, Yanagi and Yoshikawa (1987) claimed that this front is a tidal front. In the case of Osaka Bay, the parameter H/U 3 is much larger in the eastern shallow region than in the central deep region. Osaka Bay has the stratified region shoreward and therefore, differs from other estuaries with the formation of tidal fronts such as those near the British coast (e.g., Simpson and Hunter, 1974) . This unique feature in Osaka Bay is caused by the strong tidal current in the central deep region. Thus, Yanagi and Yoshikawa (1987) pointed out that the tidal front in Osaka Bay is greatly influenced by freshwater discharge from rivers located at the bay head.
However, existence of a tidal front in winter is so far not known. From the characteristic of the Osaka Bay front, there must be a tidal front in Osaka Bay even in winter if there is a stratification due to freshwater discharge. The detailed hydrographic structure of Osaka Bay in winter was observed in March 1989. A marked tidal front was observed at the same location of the tidal front in summer and the distribution of nitrogen and phosphorus was investigated under this situation.
Methods and Observations
Field observation of the front in Osaka Bay in winter was carried out on 9 March 1989. Observation stations and bottom topography are shown in Fig. 1 . A CTD (conductivity, temperature and depth senser, ALECK AS-100) survey was carried out at each station in Fig. 1 using 3 observation ships. The time required of observation is 4 hours from 8 to 12 a.m. The temperature and the salinity profiles at each station were obtained sampling water at 0.5 m depth interval by using CTD. Additionally using another ship, we measured continuous distributions of water temperature and salinity at a depth of 0.5 m along lines A (Stn.20 through Stn.27) and B (Stn.28 through Stn.35) (Fig. 1 ) using auto-analytical meter of electric conductivity (ACT-8000) in order to determine the exact location of the front. Water samples at each station were taken at a depth of 0.5 m by Kitahara sampling equipment.
Concentrations of nitrogen and phosphorus in their chemical forms were determined by chemical analyses in the laboratory as follows: For chemical analyses we brought water samples back to our laboratory in cold storage. Water samples for analysis of NH 4 -N, (NO 2 -N)+(NO 3 -N), PO 4 -P and DTP (Dissolved Total Phosphorus) were filtered with Millipore HA filter (0.45 µm) into 250 ml polypropyrene bottles. NH 4 -N was determined by the indophenol blue method (Liddicoat et al., 1975) , (NO 2 -N)+(NO 3 -N) by the Cu-Cd column reduction method (Strickland and Parsons, 1968) and PO 4 -P by the molybdenum blue method (Strickland and Parsons, 1965) .
T-P and DTP were measured by the procedures as in the case of PO 4 -P after oxidation with potassium persulfate (Menzel and Corwin, 1965) . DOP (Dissolved Organic Phosphorus) was taken to be the leftover portion of DTP minus PO 4 -P. PP (Particulate Phosphorus) was determined by subtraction of DTP from T-P. DIN (Dissolved Inorganic Nitrogen) is the sum of (NH 4 -N), (NO 2 -N) and (NO 3 -N).
Results

Structure of the front
Horizontal distributions of temperature, salinity and density (σ t ) at 0 m are shown in Fig. 2 . Filled triangles ᭡ in Fig. 2 indicate the position of "shiome" (visual front) recognized visually from observation ships. Along 20 m isobath there is a clear front. The front separates the fresh, cool and light water in the eastern shallower region from the salty, warm and heavy water in the western deeper region in the central part of the bay. This is the same feature as was observed with the front in summer. The front line coincides with the contour lines of temperature (10°C), salinity (31‰) and σ t (24), respectively (Fig. 2) .
The variation of temperature, salinity and density σ t at 0.5 m depth along line A and line B is shown in Fig. 3 . These quantities vary suddenly across the front near Stn.22 along line A, and near Stn.30 along line B. On these stations, "shiome" was recognized visually from the observation ship. Along the front, debris was gathered and bubbles appeared. Figure 3 also confirms the characteristics of the front observed in Fig. 2 , which separates the fresh, cool and light water in the eastern shallower region from the salty, warm and heavy water.
Changes of these qualities across the front along line A and line B are shown in Table 1 . In Table 1 , data of summer front on May 1987 observed by Yanagi and Takahashi (1988) was shown, too. This table shows that changes of qualities across line B are larger than those across line A. In the case of the front in winter, the salinity difference plays a dominant role in the density difference. Temperature acts to decrease density difference across the front. If river discharge is small and salinity difference across the front is small, cross-sectional structure across the front is the same as that of thermohaline front. Changes of temperature and salinity in winter case was about half of it in summer case, whereas change in density is one third of summer case.
Cross-sectional distribution of temperature, salinity and density along the line A and B is shown in Fig. 4 . It can be seen that the vertically well mixed region exists westward of the front and the stratified region eastward of the front in the shallow nearshore water. This structure of the front in winter is basically similar to that in summer, being the peculiar nature of the tidal front (Yanagi and Yoshikawa, 1987; Yanagi and Takahashi, 1988) . It is found for the first time that even in well-mixed season there exists a tidal front influenced by river discharge at the head of the Bay. The summer stratification in the shallow water is due to temperature and salinity, but in winter mostly due to salinity by river discharge. 
Tidal front and distributions of nitrogen and phosphorus
Horizontal distributions of nitrogen and phosphorus on surface layer are shown in Fig. 5 . Nitrogen concentration is high in low salinity water. In an area of 10 km radius from the mouth of Yodo River, NH 4 -N is greater than 10 µg-at l -1 and DIN is greater than 20 ~ 30 µg-at l -1 .
Differences of NH 4 -N, PO 4 -P, DOP concentrations across the tidal front are not clear. On the other hand, the contours of (NO 2 -N)+(NO 3 -N) 12 µg-at l -1 , DIN 14 µg-at l -1 , PP 0.4 µg-at l -1 and T-P 1.6 µg-at l -1 are coincident with the front. Horizontal variations in NH 4 -N, (NO 2 -N)+(NO 3 -N), DIN, T-P, PO 4 -P, PP, DOP at 0.5 m below the sea surface along the line B are shown in Fig. 6 . High nitrogen concentration area is in coastal water from the front. Differences of nitrogen and phosphorus across the front are found to be 4 µg-at l -1 in (NO 2 -N)+(NO 3 -N), 0.5 µg-at l -1 in PP, T-P. But marked differences of NH 4 -N, PO 4 -P and DOP concentration are not found across the front.
This feature is not unreasonable. In order to understand how nitrogen and phosphorus distributions are determined, relation between nitrogen (or phosphorus) and salinity is shown in In the area around the front, salinity is high. Therefore, differences of nitrogen and phosphorus across the front are small because water mass around the front has experienced mixing process. Differences of nutrients (NH 4 -N, PO 4 -P) concentration across the front are not clear probably because they are utilized by phytoplankton easily. But in (NO 2 -N)+(NO 3 -N), DIN, PP and T-P, there is a discontinuity structure across the front, even if the absolute value of the concentration difference is small. It is suggested that tidal front has an important role for distribution and transport of materials.
Discussion
The existence of a tidal front in Osaka Bay even in winter was confirmed for the first time. The stratification condition in summer is due to both temperature and salinity, whereas it is due to only salinity in winter. Temperature has a de-stratifying effect. In Osaka Bay, because density increase by cooling effect through sea surface is smaller than density decrease by effect of river discharge, stratification is maintained even in winter. March 1989. Yanagi and Takahashi (1988) has established a theoretical approach to the tidal front which is influenced by river discharge, as in the case of Osaka Bay for the stratification season. From one-dimensional model of the stratified water, they proposed that the condition for complete vertical mixing is
where ε is fraction of tidal energy, κ bottom friction coefficient (=0.0026), g the gravitational acceleration, ρ density of sea water, Q the heat flux through the sea surface, R freshwater discharge per unit area, C the specific heat (=0.95 cal·g -1°C-1 ), α the coefficient of thermal expansion of the water (=2.3 × 10 -4 °C -1 ), β salinity contraction to density (=10 -3 g cm -3 ‰ -1 ) and S salinity of water. R = V/A, where V is the fresh water discharge from rivers and A the surface area under consideration. αQ/C is the effect of net heat flux through the sea surface to establish the stratification and βSR the effect of freshwater discharge. The tidal front is generated in a transition region between stratified water and vertically wellmixed water. Left side term of Eq. (1), log(H/U 3 ) is the critical parameter which determines the position of the front.
From Fig. 12 of Yanagi and Takahashi (1988) , the value of log(H/U 3 ) along A and B lines in Osaka Bay is shown in Fig. 8 by the hollow circles ᭺. In Fig. 8 , the stratification parameter φ is calculated by Eq. (2),
where ρ is the average density of the water column. The position of the front is indicated by the triangle ᭡ in Fig. 8 and the front is found to be located at log(H/U 3 ) value of 2.7. Yanagi and Takahashi (1988) showed that the tidal front in Osaka Bay in May is located at log(H/U 3 ) value of 2.5 and 3.0. Therefore the value of critical parameter log(H/U 3 ) in winter is the same as that in summer. Stratification parameter φ is found to show rather sudden change across the front and φ in line A is bigger than that in line B. φ in Osaka Bay in winter is from one-third to one-fifth that in summer and the same in winter of German Bight (Czitrom et al., 1988) .
Substituting observation data into Eq. (1), we obtain ε, the efficiency of tidal current friction energy required to destroy the stratification. Where log(H/U 3 ) = 2.7, α = 2.3 × 10 -4 °C -1 , β = 10 -3 g cm -3 ‰ -1 , κ = 0.0026, g = 980 cm sec -2 , C = 0.95 cal g -1°C-1 , Q = -2 × 10 -3 cal·cm -2 sec -1 (Harashima et al., 1978) , S = 32‰, R = V/A = 100 (m 3 sec -1 )/400 km 2 , we obtain ε = 0.0069: i.e., this result means that only 0.69% of tidal current friction energy is used to destroy the stratification. This value of ε in Osaka Bay in winter is medium valued on comparison to ε of the other seas in the world, for instance 0.28% in England and Bay of Funday (Garrett et al., 1978) and 1.5% in Bungo Channel (Yanagi and Ohba, 1985) .
We define the critical value of log(H/U 3 ) for complete vertical mixing as K ≡ log(H 0 /U 0 3 ). Assuming that ε is constant, critical parameter K is a function of Q and R from Eq. (1). In winter variation of R is predominant to variation of critical parameter K.
Generally speaking, we can decide the critical value of R as a function of Q for upper limit of log(H/U 3 ) at a sea area. Figure 9 shows R as a function of Q for various values of log(H/U 3 ). Straight lines in Fig. 9 are expressed by Eq. (3),
From Fig. 8 the value of log(H/U 3 ) in Osaka Bay is from 2 to 4. In winter Q is negative value. For instance, when Q = -2 × 10 -3 (cal·cm -2 sec -1 ), value of R must be 3 (V = 120 m 3 ·sec -1 ) for log(H/ U 3 ) = 2.5. When log(H/U 3 ) is 4, the maximum value of log(H/U 3 ) in Osaka Bay, critical value of R becomes 1.5 (V = 60 m 3 ·sec -1 ).
On the other hand, Fig. 10 shows K as a function of R for some value of Q. The critical value K generally decreases with increase in R. In Osaka Bay, the position of tidal front moves westward (offshore region) with increase in R from Fig. 8 . For example, if we substitute R > 5 (V > 200 m 3 ·sec -1 ), the position of front is 10 km westward from the observed positions. When R is smaller than a certain value, Eq. (1) has not reality and tidal front cannot exist: e.g., Fig. 10 shows that, when Q = -2 × 10 -3 cal·cm -2 sec -1 , K increases to infinity at R = 1.5 and that the tidal front in winter cannot exist if R < 1.5 (V < 60 m 3 ·sec -1 ). The river discharge, V, from Yodo River to Osaka Bay is almost always larger than 60 m 3 sec -1 , meaning that even in winter tidal front will be formed in Osaka Bay. If cooling through the sea surface Q becomes strong, K will become bigger and the position of the front will move eastward.
The position of the tidal front in Osaka Bay in winter varies with variation of cooling effect through sea surface Q, and river discharge V. This report depends on only one observation in winter, in the future detailed observation will be needed to clarify the dependency on river discharge, or on tidal range from spring-tide to neap-tide.
We showed that a tidal front can exist even in winter in the area strongly influenced by river discharge, e.g. in Osaka Bay and showed the evidence of a tidal front in winter by the field data. Consequently, it was found for the first time that in Osaka Bay a tidal front exists through the whole year.
